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ABSTRACT 
 
To achieve expressive musical results in violin bowing, performers access wide ranges of 
combined musical tone loudness and duration variables. By comparison, allowable 
mechanical variability in bow stroke execution may be limited. Such constraints on string 
bowing variability similarly might limit variability of bowing limb movement. 
Constrained variability may carry risk of upper extremity musculoskeletal disorders. 
Therefore if musical and/or bowing-execution variables influence bowing limb 
movement variability, they may in turn influence risk of cumulative injury in the player. 
 
In two experimental studies we examined the influence of the musical variables of 
duration and sound intensity (loudness) on variability in both string bowing mechanical 
variables and bowing limb joint moments (i.e. rotational forces) and joint angle 
trajectories. Five violinists performed playing tasks in which bow strokes varied across 
four levels of duration and three levels of loudness. Given a constant-amplitude bow 
stroke, quiet, brief strokes and loud, long strokes had to be executed close to the lower 
and upper limits of permissible bow-on-string force (bow force). In Study #1, we 
computed one- and three-dimensional bow movement variance measures, in both 
	  	   viii 
kinematic (bow velocity across violin string, distance from bow-to-bridge) and kinetic 
(bow force) variables. In Study #2 we computed the cycle-to-cycle standard deviation of 
joint moments and angles for each moment and angular degree of freedom in the bowing 
limb. In each study, these variability measures were compared across the 12 experimental 
conditions. 
 
We hypothesized that variability would be lowest when executing quiet/brief and 
loud/long strokes, compared to strokes that could be executed further from bow force 
limits. However, it was also anticipated that variability instead could be influenced most 
strongly by bow and/or limb velocity, magnitude of bow force, and/or bowed-string 
loudness response properties. Results from both studies indicated that variability in both 
bow-on-string and limb movement was conditioned on these latter properties: tone 
duration and loudness exerted consistent effects on variances and standard deviations. 
Contradicting the main hypothesis, variability was not influenced by proximity to bow 
force limits. We conclude that bowing variability is constrained mainly by factors not 
specific to variability tolerance at the bow-violin string interface. 
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Introduction 
 
A performing artist such as a violinist brings his/her own bodily resources to bear on a 
highly specialized, complex task. In musical performance, task-relevant acoustic and 
aesthetic variables, conceived at a rather high level of abstraction, are the main focus of 
attention; and the musical result is the chief yardstick of a musician’s artistic and career 
success. At the same time, the violinist more or less automatically applies well-timed and 
modulated forces to create bodily and bow-on-violin motion during music making; such 
variables of execution merely subserve the musical goal. A violinist will have devoted 
many years to the explicit study of such physical technique in order to attain even modest 
proficiency (Galamian, 1985). However, an assumption implicit in violin pedagogy is 
that the expert, having emerged from such training, may then focus more or less 
exclusively on musical results, assured that physical execution will sustain those results 
with little further attention (Martens, 1919). 
 
However, empirical research within the relatively young field of performing arts 
medicine has made clear a limitation to this perspective (Bejjani, Kaye, & Benham, 
1996). Years of striving by physical effort to attain the highest musical standards may 
come at some cost to the performer’s body. Indeed the prevalence of musicians’ playing-
related injuries is remarkably high (Kok, Huisstede, Voorn, Schoones, & Nelissen, 2016).  
 
Poor physical health is incompatible with a successful musical career; efforts to prevent 
injury are clearly warranted. How are injuries in busy musicians to be prevented? And 
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how might prevention strategies differ from those indicated for other professionals? 
Certainly commonalities exist across populations: as with cumulative-trauma injuries 
sustained by other working populations (Barr & Barbe, 2002), playing-related 
neuromusculoskeletal disorders appear to result, at least in part, from cumulative 
microtrauma to soft-tissues, including muscles and their tendons, nerves, ligaments 
and/or intra-articular structures. However, distinguishing features of musicianship are 
probably of equal importance to formulating clinical interventions. Most obviously, the 
intended results of the violinist’s efforts are sound patterns structured by the variables of 
duration (or rhythm), sound intensity, timbre (tone quality) and pitch. Logically, just as 
the bowing movements of the violinist’s limb must differ in quality from movements of 
that same limb when using a computer mouse or polishing a floor, so the patho-
mechanical origins of a playing-related injury are likely to differ from those of other 
cumulative-trauma disorders. Therefore, to identify ways to prevent injuries in this 
population, specifically, in violin players, it should first be considered how the violinist 
uses his/her body to create force and motion patterns at the bow-violin interface, such 
that the instrument will structure sound as desired.  
 
In this regard, two broad foci motivate much of the current work: 
 
1) Implicit in this work is a formulation of this task in terms of the levels that comprise it. 
Hence we examine the ways that musical/acoustic features of a bowing task shape 
kinematic (movement) and kinetic (forces, moments) patterns at more than one level of 
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the bowing task. This formulation is built upon on the task-dynamic approach to control 
and coordination of Saltzman and colleagues (Saltzman & Byrd, 2000; Saltzman & 
Kelso, 1987; Saltzman, Nam, Krivokapic, & Goldstein, 2008). This approach permits a 
description of bowing performance at the level of three interrelated coordinate spaces 
(Stein et al., 2011): 
a) the Acoustic Task Space (task space), in which the musical result is created. 
Currently we include the three variables of loudness (as roughly equivalent to 
sound intensity), duration, and timbre (operationalized as harmonicity) in our 
conception of this space; 
b) the Bow-Violin Execution Space (execution space), in which three variables 
related to force-motion patterns at the bow-violin string interface map to the 
timbre and loudness of the musical result; and 
c) the Limb, or Articulator Space (limb space), in which the limb’s joint angles and 
torques are controlled to produce force-motion patterns at the bow-string 
interface.  
 
2) We examine the influence of musical variables on movement variability, in both the 
execution space and the limb space. This approach is motivated by a growing body of 
research that highlights the interrelationships among motor variability, pain and injury 
(Hodges & Tucker, 2011; Qin, Lin, Faber, Buchholz, & Xu, 2014; Srinivasan & 
Mathiassen, 2012). Accordingly, per our formulation of the bowing task, tolerance for 
variability (such as exploratory variability, motor error or motor noise) exists both within 
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coordinate-space levels and in the forward (limb-space à execution-space à task-space) 
mappings between adjacent levels. For example, variability in the limb space that does 
not affect execution is considered irrelevant at the execution level (and therefore at the 
task level as well) and is therefore tolerated in musical tasks (Konczak, van der Velden, 
& Jaeger, 2009; Verrel, Woollacott, Pologe, Manselle, & Lindenberger, 2011). Similar 
goal-irrelevant variability in the map from execution to task space has been underscored 
in previous work on violin string bowing (Serafin, 2004; Young, 2007). 
 
Intuitively then, to best understand the resources and constraints inherent in the performer 
and task, we should understand violin bowing not only within its multiple levels, but also 
in the relationships between those levels. Thus, to understand the positive and/or negative 
contributions of motor variability to music playing-related disorders, the ultimate goal of 
work in this area is to elucidate the structuring or shaping of variability within and across 
coordinate-space levels. Given the possible importance of task-level demands in the 
origins of bowing limb injuries, we decided to begin our investigations by focusing 
specifically on the influence of the task space variables of bow stroke sound intensity (or 
loudness) and duration in shaping kinematic and kinetic variability within the execution 
space (Study #1) and the limb space (Study #2). It is our hope that the data provided in 
these studies, and the theoretical framework that supported these studies, will lay the 
foundation for enhancing understanding of the unique physical challenges and constraints 
faced by a hardworking violinist. In turn, we believe that such an understanding will 
contribute significantly to future efforts to prevent injuries in this population.  
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Study 1: The relationship between task demands and execution variability in violin 
bowing 
Abstract 
In violin bowing, multiple bow-on-violin force and motion variables (execution 
variables) create a desired musical/acoustic result. Expert violinists may have access to 
multiple combinations of these variables when producing a given required (musical) 
result. Therefore tolerance to such combinatorial variability is inherent in bowing 
execution. However, some musical contexts may be more tolerant to high execution 
variability than others. It is possible, therefore, that execution variability will primarily 
reflect the constraints of how force and motion patterns at the bow-violin interface are 
mapped to musical/acoustic results. On the other hand, variability could be more strongly 
influenced by more “generic,” or lower-level factors. These could include the tendency 
for movement variability to increase and decrease in accordance with (bow) movement 
velocity or force application on the string. We therefore investigated whether execution 
variability was more influenced by combinatorial constraints imposed by the bow-violin 
interface or by constraints imposed independently by individual execution variables. 
 
Five experienced violinists performed legato (smooth) bow strokes that differed 
systematically across playing trials as to their duration (4 levels) and loudness (3 levels), 
with bow stroke amplitude (i.e. length of bow utilized) held constant. Bow-violin 
kinematics were recorded using 3D motion capture. Bow-on-string force was measured 
directly by a unique sensing system installed on a custom-augmented violin bow. 
Variance of each of three key bow-violin execution variables (bow stroke velocity [BV], 
	  	  
6 
bow-on-string force [BF], bow-to-violin-bridge distance [BBD]) was computed; also 
computed were measures of variance that reflected the combinations of these three 
variances.  
 
Certain loudness-duration conditions required players to combine bowing variables in 
such a way that excess execution variability could elicit an undesirable tone quality result 
given the constraints of the bow-violin interface. We hypothesized that the combined 
variance measures would decrease for strokes in these conditions. However, this did not 
occur. We conclude that generic, low-level motor processes and bowed-string physics 
play important roles in shaping bowing execution variability, whereas the manner in 
which bowing execution variables are combined do not detectably influence their 
variability. 
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Introduction 
Many common motor tasks are tolerant to variability in execution, i.e. more than one 
combination of kinetic and kinematic variables will satisfy the requirements of such 
tasks. More formally, the forward mapping of the execution variables involved in 
performance to the task’s result variables (Cohen & Sternad, 2009; Sternad, Park, 
Muller, & Hogan, 2010) is many-to-one, i.e. redundant. It has been demonstrated that 
experienced agents learn to maximize result-level accuracy, in part by selecting from 
redundant combinations of execution variables in the most error-tolerant region of 
execution space (Cohen & Sternad, 2009). However, in some real-life tasks, players may 
not always have access to such ‘safe’ regions of execution, and in particular may have to 
relocate execution variable combinations to less advantageous regions due to situational 
constraints on result variables. This could arise, for example, in a throwing task if one’s 
preferred trajectory to the target were blocked. In this work we focus on the problem of 
how expert agents adapt their execution variability under such constraints, using the task 
of violin bowing as an exemplar case. 
 
In violin bowing, result variables are defined in an auditory result-space and include a 
musical tone’s desired loudness1, duration and timbre. Timbre is best understood as an 
array of tone “qualities”; musicians may for example refer to the degree of purity, 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Loudness, the aural perception of sound intensity, is generally represented in units either of 
sones or phons. Such representations of loudness reflect the recognition that different pitches of 
equal sound intensity may not have equal loudness. However, such a distinction was moot for this 
study, as only one pitch was heard and produced in this experiment. Therefore, sound intensity 
and loudness are treated here as if they were equivalent. 
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darkness/lightness or warmth of a musical tone. In turn, a three-dimensional bow-violin 
execution-space (BVES) is defined by three mechanical bow-violin variables (bowing 
variables) that map forward jointly to the auditory variables of loudness and timbre: 1) 
bow-string (normal) contact force (bow force, BF), 2) bow velocity across the violin 
string (BV), and 3) distance between bow and violin bridge (bow-bridge distance, BBD) 
(Schelleng, 1973) (Figure 1). Additionally, a tone’s duration is specified by a bow 
stroke’s average bow velocity over a stroke of a given amplitude. (A fourth bowing 
variable, that of tilting about the long axis of the bow, makes a relatively small 
contribution to acoustical qualities of the bowed sound (Young, 2007), and is not 
included in the present model of bowing performance.)  
 
Figure 2 depicts a 2-dimensional section of this space, per the work of Schelleng 
(Schelleng, 1973); for a given velocity it shows how the BBD and BF variables must be 
controlled to maintain their values within the shaded portion of the BVES’ “region of 
playability” that produces a “good” (aesthetically acceptable) sound (Young, 2007). The 
player may reach or maintain a given acoustic target via more than one combination of 
BVES variables (Young, 2007); the expert player co-varies them from moment to 
moment, more or less automatically (Schelleng, 1973). As with other manual tasks, the 
availability of such “excess” or “abundant” execution degrees of freedom may stabilize 
task performance, i.e. render it more robust against perturbation, motor noise, or other 
sources of error (Latash, 2010).  
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Given the potential importance of such tolerance to execution variability, violinists 
would, presumably, prefer to coordinate the bowing variables so as to inhabit the central 
portion of the playability region, rather than a portion near its boundaries, since motor 
error is relatively unlikely to disturb tone quality while in the central region. It may not 
always be possible, however, to maintain the bowing variables in this ‘safe’ central 
region during the course of a musical task when there is a conflict between musical task 
requirements and the constraints imposed by the playability region. Such conflicts exist, 
for example, when the violinist must not only maintain string vibration (and thus timbre) 
and loudness during the bow stroke in accordance with musical specifications, but must 
also rapidly and flexibly adapt bow velocity in coordination with the other bowing 
variables, e.g., in order to avoid interruptions in the musical phrase or to access a desired 
portion of the bow. Thus, a player might find it necessary to perform several seconds of a 
complex passage in a single, slow bow stroke, without sacrificing loudness, even though 
it would be easier to use several faster strokes; conversely, the player might be required 
to draw a quiet tone using a fast stroke, despite it being much easier to draw such a sound 
using a slower stroke (Blum, 1987). In both scenarios, the necessary combination of 
bowing execution variables may indeed be located near the border of the playability 
region, beyond which tone quality would deteriorate. Thus, as the locus of execution 
variable combinations changes within the playability region on a moment-to-moment 
basis, tolerance to bowing variability correspondingly may increase or decrease. 
 
The issue of how expert performers adapt their execution variability to correspond to the 
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tolerance for such variability when faced with such result-oriented constraints has not yet 
been addressed in the literature. It is uncertain, for example, whether performers flexibly 
enlarge variability of execution in contexts that allow them to do so, or whether they 
instead conservatively select narrow regions of execution corresponding to the most 
demanding or constrained contexts they might previously have encountered. In the 
present study of experienced violinists, the result-level variables of bow stroke loudness 
and stroke duration were systematically manipulated across playing trials.  
 
As described above, the Schelleng model indicates that violinists must execute near one 
or another boundary of the playability region when bowing either a quiet, brief (high-
amplitude) bow stroke or a long, loud stroke, if bow stroke amplitude is unchanged. 
Therefore, as Hypothesis 1, we predicted that, to avoid exceeding those boundaries, 
 
1a) subjects would decrease variability of all three BVES variables when 
performing a series of such strokes—specifically, quiet strokes lasting 1-second 
(1Q) and loud strokes lasting 10 seconds (10L) (see Figure 2). If this held true, 
then 3-dimensional measures of variance (total variance and generalized 
variance, as defined below) would decrease accordingly. 
Conversely, it would be expected that  
 
1b) strokes of more moderate loudness, lasting four seconds (4M), could be 
performed nearer to the—presumably more variability-tolerant—center of the 
playability region. Therefore, we predicted that execution variability would be 
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greatest when bowing such strokes. Hence the 3D variance measures would 
increase for this experimental condition. 
Furthermore, we predicted that  
1c) subjects would perceive the challenge to execution within narrow constraints 
of the 1Q and 10L conditions, and hence would rate those conditions as “more 
difficult” than the 4M condition. This would serve to validate the notion that 
performing under those constraints was sufficiently difficult to require some 
adaptive change in execution.  
 
However, such a hypothesis might be at odds with other influences that could exert 
greater control than those arising from the constraints of the playability region. 
Considerations of these factors and corresponding hypotheses follow.  
 
Hypothesis 2: Spatial endpoint error (Schmidt, Zelaznik, Hawkins, Frank, & Quinn Jr, 
1979) and trajectory variability (Darling, 1986) are greater in fast than in slow reaching 
movements. If this were the case for bowing as well, then the variance of BV might be 
greatest in the fastest (1-second) bow strokes, and lowest in the slowest (10 second) 
strokes. Thus in fast strokes, this tendency would increase variance in the 1Q condition, 
instead of decreasing it per Hypothesis 1. Furthermore, in slow strokes, it could reinforce 
low variability, but could suppress the effect of the duration-loudness interaction. 
Therefore according to Hypothesis 2, variability in the 10L condition would be similar to 
that in the 10-second/quiet condition, instead of lower, as in Hypothesis 1.  
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Hypothesis 3: Bow stroke loudness is inversely proportional to BBD (Schoonderwaldt & 
Demoucron, 2009). This implies, first, that small BBD elicits a louder sound; and second, 
that small fluctuations in BBD affect loudness more strongly in loud playing (where BBD 
is small) than for quiet playing. Therefore we predicted that BBD variability would 
decrease in all loud conditions; and that this would be true especially for longer strokes 
such as 10L, during which the player would not be able to increase loudness through 
increases in BV.  
 
Hypothesis 4: The player maintains higher BF for loud strokes than for quiet strokes. As 
the bowing limb applies greater BF, a consequent increase in motor signal-dependent 
noise could in turn increase BF variability. Therefore, BF variance might be greatest in 
loud strokes. If this trend were sufficiently strong, 3D variance would likewise increase 
for loud strokes.  
 
 
Experimental methods 
A convenience sample of five experienced violinists was recruited from the Boston 
metropolitan area. Eligibility criteria included playing at or above collegiate/ 
conservatory level, with no playing-limiting upper-body musculoskeletal complaints or 
neurological disorders within the past year. All experimental procedures were approved 
by the Institutional Review Board of Boston University Charles River Campus.  
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Subjects were four female and one male violinist, ranging in age from 18 through 53 
years. The four female subjects were students at Boston University. Experience levels 
ranged from 13 through 43 years of violin playing, including from 10 to 22 years of 
violin lessons. Thus all subjects had substantial experience. As seen in Table 1, the 
inclusion of Subject 4, the only male subject, created a skewed distribution of upper 
extremity length. No systematic inter-subject differences in either bow-violin execution 
variables or auditory result variables were attributable to this biased sampling. Four of the 
five subjects consented to an additional hearing screening procedure (the remaining 
subject having moved residence following the bowing experiment). The screening 
detected no hearing loss within the frequency range of interest, for any of those four 
subjects. 
 
In a single experimental session, these subjects performed trials of legato (smooth) bow 
strokes, each using the same Yamaha SV-250 Silent™ electric violin and a uniquely 
sensor-augmented carbon-fiber bow (CodaBow® Conservatory™). The bow system, 
furnished with two force sensors composed of strain gauges, was previously custom-
designed, built and validated by our project partner D. Young (Young, 2008, 2011). The 
force sensors are capable of detecting force in two dimensions—i.e. both along an axis 
directed through the bow stick and bow hair ribbon (roughly vertical with the bow held in 
a functional playing position) and along a second axis orthogonal to both that axis and the 
long axis of the bow. To date, however, only force along the first, vertical axis has been 
incorporated in measurement of actual bowing performance. Therefore, in this work, this 
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component was used to generate the force data from this experiment. We acknowledge 
that tilting around the long axis of the bow during playing may decrease the contribution 
of this force component to the total resultant normal force directed against the string, and 
that this could introduce bias into our comparisons of BF across playing conditions. 
However, we presumed (and later confirmed) that this component would be the greater of 
the two components under all conditions, and that the variability of bow tilt angle would 
be similar across conditions (Friedman test, (χ2(11) = 11.431, p = .408).  
 
Subjects received continuous audio feedback of their playing directly from the violin, via 
Audio-Technica ATH-M50 headphones. The audio signals were also recorded to an 
Apple® Macbook Pro® with a 2 GHz Intel Core Duo processor, at a sampling rate of 
44.1 kHz. Force from the bow’s strain gauges was also recorded at 44.1 kHz. To record 
kinematic data, wireless reflective motion capture markers (Vicon 8-camera 3D system, 
recording at 120 Hz) were placed on the bow and violin.  
 
During bowing trials, subjects performed sets of legato bow strokes. Before each trial, the 
subject listened to a brief, prerecorded playing sample of an experienced, conservatory-
trained violinist (one of the investigators, PS) performing a legato bow stroke, along with 
a metronome beating at 1 Hz. He or she was asked to emulate the loudness and timbre of 
the sample tone during playing. The note used for all samples and playing trials was A4 
(440 Hz), played on the unfingered A-string (the second-highest-pitched of the four 
violin strings). All stimulus samples were roughly 2-second excerpts (i.e. the middle 2 
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seconds) from 4-second (loud, medium-loud and quiet) legato strokes. The subject was 
permitted to hear the sample repeatedly, if desired, and to “internalize” a sense of the 
metronome period for as long as desired. In addition to the specification of loudness, the 
subject was informed as to the requested duration of each bow stroke; this was set at 
either 1, 4, 7 or 10 beats of the metronome. Hence each bow stroke was to last for 1, 4, 7 
or 10 seconds, per the experimenter’s request. When he or she indicated readiness to 
proceed, the experimenter turned off the audio sample and the metronome. Data 
collection then began. To begin the trial, the subject first performed a single tap of the 
bow against the string. This was in order to allow subsequent synchronization of audio, 
force and bow-kinematic time series. The subject then performed four successive, 
continuous back-and-forth bow stroke “cycles” at the given loudness setting and at one of 
four stroke duration settings. He or she was asked to employ the full length of the bow 
hair ribbon for each stroke, under all experimental conditions. The requested bow strokes 
in a given trial lasted either 1, 4, 7 or 10 seconds. Across trials, each of the four duration 
conditions was performed at each of three loudness settings: quiet, medium, and loud—
again, emulating the loudness as well as tone quality of the sample tone. Average sound 
intensities of these quiet (Q), medium-loud (M) and loud (L) stimuli were, respectively, 
50.1, 55.4 and 60.6 decibels (dB), as determined by subsequent sound calibration. The 
stimulus samples were selected by agreement, as to tone quality and desired degree of 
loudness, of two of the experimenters (P. Stein and D. Young). The same sample was 
heard for all trials of a given requested loudness (e.g. the loud stimulus for loud strokes of 
any duration), regardless of the requested duration. This was done in order to emphasize 
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to subjects that similar loudness and goodness were desired across duration conditions. 
Different samples might have differed subtly in average loudness and goodness, and 
thereby might have suggested to subjects that those qualities should differ likewise. Four 
trials were performed for each duration-by-loudness condition (1Q, 1M, etc.), yielding 48 
trials total for each subject.  
 
The same pseudo-random ordering was used for all subjects: trials were randomized 
within the constraint that each trial of 7- or 10-second strokes was followed by a trial of 
either 1- or 4-second strokes. This constraint was applied to minimize the possibility of 
fatigue resulting from performing multiple lengthy trials consecutively. Furthermore, to 
correct for any effects of fatigue during subsequent analysis, subjects completed the 
single-item Rating of Perceived Exertion (RPE) scale (Borg, 1982) at 20-minute intervals 
during the experiment, as well as immediately following the experiment. Subjects were 
permitted to rest at any time; they took required rest breaks of at least five minutes after 
every 20 minutes of experiment participation.  
 
Immediately following the end of the playing experiment, subjects completed a Perceived 
Task Difficulty Questionnaire, developed for this study by one of the authors (PS) 
(Appendix A). On the questionnaire subjects indicated which three of the twelve task 
conditions appeared easiest, and which three most difficult for them.  
 
Subsequently, four of the five subjects, who were available upon further contact, 
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underwent a hearing screening, to determine whether any loss of acuity was present 
within the sound frequencies of interest (in particular, the A440 tone that subjects heard 
and played). An experienced hearing research engineer conducted this screening at an 
academic hearing research laboratory according to standard procedures.  
 
Analysis 
Using a rigid-body model of the violin and bow, based on (Schoonderwaldt & 
Demoucron, 2009), violin and bow kinematics were estimated from Vicon marker data, 
using Vicon’s Nexus software. BV and BBD data were derived from these recordings. 
BF data were calibrated according to the methodology previously validated for this 
bowing system (Young, 2007), and synchronized with the kinematic data. Each 
experimental trial was segmented into separate down- and up-bow strokes. The 
transitions (reversals) between up and down bow strokes were excluded for this primary 
analysis in order to maintain focus on variability within the steady state of the strokes. 
Bow reversals were identified using zero-velocity events from time series of bow 
kinematics. These and the following steps were performed via custom-written Matlab 
scripts (Release 2013b; MathWorks®, Natick, MA). 
 
A first analysis determined that variables for down-bows and up-bows were not 
systematically different. All playing data therefore were pooled across direction. Average 
variance of each BVES variable (BBD, BV, BF) was computed for each condition, within 
each subject. Also computed for each condition were the per-condition, per-subject 
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average total variance and generalized variance in the sample space of the three BVES 
variables. Total variance (TOTVAR) is defined for a multivariate normal distribution as 
the trace (sum of the diagonal elements) of its covariance matrix (Van Valen, 2005), and 
is thus a generalization of the variance defined for a univariate distribution. Generalized 
variance (GENVAR) is defined as the determinant of the sample covariance matrix 
(Carroll, Green, & Chaturvedi, 1997). Intuitively, it expresses the “volume” of variance 
across all sample space dimensions. It likewise expresses variance in the total sample 
space, but in addition GENVAR decreases inversely with the strength of correlation 
among variables. Thus changes in the magnitude of GENVAR could represent changes in 
variance of one or more variables, changes in correlation among variables, or both. A 
decrease in GENVAR across conditions, if TOTVAR were unchanged, would indicate 
tighter co-variation (increased correlation) among variables, without changes in the 
variance magnitudes. With regard to this distinction, we predicted that GENVAR would 
decrease more than TOTVAR in 1Q and 10L tasks (Hypothesis 5). This would indicate 
tighter co-variation among BVES variables in those boundary-constrained tasks than in 
the more accessible 4M task.	  
  
 
For these variance calculations, the BVES data were normalized by the largest value of 
each respective BVES variable in the dataset (across all subjects). Thus the variances 
were calculated from dimensionless data. This procedure minimized the effect of the 
magnitude of these incommensurate variables on their relative contributions to the total 
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and generalized variances. Note that we neither assume nor suggest that the nervous 
system adopts uniform weighting of these mechanical variables as part of a strategy to 
adapt to workspace constraints; whether and how the CNS scales execution variables in a 
variety of tasks is unknown (Sternad et al., 2010).  
 
To determine the degree to which subjects met the result-level task requirements, we 
computed an error measure for four properties of the subjects’ strokes: 
1) Stroke duration was computed as the time difference between bow reversals, or, 
in the case of the first and last strokes, the time difference between the adjacent 
bow reversal and the initiation or termination of the stroke, respectively. Error 
was calculated as the difference between actual and requested duration. 
2) Stroke amplitude, computed as the distance between the same events described 
for stroke duration. Error was calculated as the difference between the maximum 
stroke amplitude for any subject and the actual amplitude of the current stroke. 
3) Sound intensity of each audio sample. The acoustic output of the violin-laptop-
headphone assembly was calibrated to allow conversion from audio signal 
amplitude to dB. An experienced hearing research engineer performed the 
calibration procedure according to standard procedures, using an “artificial ear” 
and a sound level meter. The meter applied an A-weighting filter, which modifies 
the dB reading to approximate the loudness perception of the human ear for a 
given frequency (Berger, 2003). The resulting conversion yielded the sound 
pressure loudness (in dB) values of the tones experienced and produced by the 
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subject. The per-trial arrays of dB values were down-sampled to align them with 
the kinematic/force data. Loudness error was calculated as the difference between 
mean sample sound intensity and mean subject’s trial sound intensity. 
4) Tone quality, or “goodness,” of each audio sample. Quantitative description of 
aesthetic appeal of tone is elusive (Charles, 2010). As a means of parsimonious 
evaluation of goodness, a novel dimensionless spectral measure G was developed 
to express the degree of “purity,” or harmonicity, of the musical tone (Stein et al., 
2011). To compute G, a set of successive 100 ms, overlapping Hanning windows 
was defined for each bow stroke and submitted to fast Fourier transform. For each 
spectral window, G was then calculated as the sum of spectral power in bands of 
±25 Hz surrounding the fundamental and first ten harmonics, divided by the sum 
of total spectral power through the 10th harmonic. To date, our pilot work (Stein et 
al., 2011) has demonstrated the ability of G to distinguish between well-produced 
tones and clearly undesirable ones—e.g. raucous or glassy-sounding (sul 
ponticello) tones—that are generated outside the playability region of the BVES 
(see Figure 2). As with loudness values, the resulting array of G values was down-
sampled to align it with the corresponding kinematic/force data time series for the 
playing trial. Error was calculated by subtracting the mean trial G from 0.9 (which 
was the value of G for all three stimulus samples); values ≤ 0 were taken to be 
zero error. 
  
We report below the degree of result-level “error.” It was our original intention to 
determine whether variances differed across conditions with respect to a fixed degree of 
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accuracy in the space of task requirements, i.e. for bowing samples for which the players 
had satisfied the requirements for bow stroke duration, stroke amplitude and sample 
loudness, and also had produced strokes of “acceptable” tone quality. Ultimately, the 
degree of adherence under most experimental conditions to such a four-dimension result-
level target was too low to allow such an analysis. However, a more “exclusive” dataset 
was nevertheless culled from the full, “non-exclusive” time series, using a modified 
loudness accuracy requirement. This exclusive dataset was composed of samples: 
1) that occurred within a stroke whose duration was between 80% and 120% of the 
duration requested; 
2) that occurred within a stroke whose amplitude was at least 80% of the requested 
(full-bow-length) amplitude; 
3) that had sound intensity within ±1 dB of the actual mean intensity value (rather 
than the stimulus value) for the current playing trial; 
4) for which G ≥ 0.9. 
 
GENVAR and TOTVAR of the bowing execution variable combinations were computed 
over the samples for both the full and the exclusive data sets. The results were largely the 
same in both data sets. For simplicity, we report only the results of the non-exclusive 
analysis. 
 
Non-parametric Friedman ANOVA by ranks was used (IBM® SPSS® Statistics Version 
20) to test the hypothesis that variance in the 3D bow-violin execution space (BVES) 
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would be smaller for the highly constrained bowing conditions (i.e. 1Q and 10L) than for 
a condition in which the locus of execution within the playability region could be central. 
The Friedman test was used instead of a parametric repeated-measures ANOVA due to 
the small sample size. Where the overall Friedman test indicated a statistically significant 
result, Dunn’s post hoc test (Dunn, 1964) with significance level adjustment was carried 
out to detect significant pairwise differences. Where pooling of data across duration or 
loudness was desired, pairwise analyses were instead carried out using Wilcoxon signed-
rank tests. 
 
RESULTS 
Adherence to task requirements 
Normalized error along each of the four dimensions for each task condition, averaged 
across subjects, and the proportion of samples meeting task criteria, are displayed in 
Figure 3.  
 
Subjective task difficulty ratings 
Table 2 displays conditions for which more than one subject rated that condition as easy 
or difficult, based on the Perceived Task Difficulty Questionnaire. 
 
3D generalized and total variance 
Distributions of bowing variable combinations for representative single trials from each 
of the 12 conditions are shown in Figure 4 (scatter plots a through l). In general, it can be 
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seen that velocity is distributed more broadly in 1-second strokes than for all other 
strokes. In accordance with this, generalized 3D variance (GENVAR) for 1-second bow 
strokes far exceeded that of all other bow strokes. GENVAR changed far more across 
stroke duration levels (i.e. within loudness levels) than across loudness levels (within 
duration). Significant pairwise results under the Friedman test are displayed in Figure 5a.  
 
In agreement with Hypothesis 5 (GENVAR as an indicator of co-variation), TOTVAR 
was also greater for 1-second strokes than for strokes at all other durations, but not to the 
extent observed for GENVAR (Figure 5b). Apparent decreases in TOTVAR across 
ascending loudness levels, within durations 1-, 7- and 10- seconds, were not statistically 
significant upon pairwise comparison. Of most relevance to Hypothesis 1, there was no 
statistical evidence that 3D variance in the 4M condition was greater than for 1Q or 10L 
conditions, for either TOTVAR or GENVAR. 
 
Univariate analyses  
BV variance (Figure 6b) was markedly greater for 1-second strokes than for any other 
duration, which paralleled the trend (required by the duration requirement) for mean BV 
(Figure 6a). Pairwise Wilcoxon signed-rank tests indicated a significant difference 
between variances of 1-second strokes, pooled across loudness level, and those of pooled 
10-second strokes (Z = -2.02, p = .043). Supporting Hypothesis 2, variance in 4M strokes 
was again smaller than for 1Q strokes, but greater than in 10L strokes.  
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BBD variance decreased across increasing loudness (from Q to L) within duration 
(Figure 7b). This ran parallel with the trend for mean BBD (Figure 7a), save that the 
mean decreased across durations, within loudness levels. For variance, pairwise 
comparisons were significant only between conditions at different loudness levels, 
indicating that loudness, more than duration, affected BBD variance. This confirmed 
Hypothesis 3. 
 
By contrast with BBD variance, BF variance increased across increasing loudness and 
with increasing (mean) BF (Figure 8a), within duration (Figure 8b). This was in 
accordance with Hypothesis 4; however, loudness level only exerted such an effect on 
BF, i.e. 3D variance (TOTVAR and GENVAR) did not likewise increase with ascending 
loudness level.  
 
DISCUSSION 
3D Variance: It was hypothesized (Hypothesis 1) that GENVAR would be low for 
conditions like 1Q and 10L; and highest in the 4-second strokes. This was motivated by 
the supposition that patterns of BVES variables employed in the 1Q and 10L conditions 
would be located near boundary regions of the Schelleng space, and thus require finer, 
more constrained bow handling. Contrary to this prediction, GENVAR was far greater in 
1-second conditions than in all others; compared to this, modest differences discernable 
across 4-, 7- and 10-second duration levels were far smaller, and not statistically 
significant. Trends in TOTVAR were similar, with even fewer differences among bow 
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strokes lasting longer than 1 second, which similarly contradicted our initial hypothesis 
that bowing execution would be more variable in a central area of the playability region 
than near its boundary. 
 
Indeed, the lack of notable differences in TOTVAR among 4, 7 and 10-second strokes 
suggests that subjects adhered to a small area of the BVES under most conditions. Yet, 
average values for BBD and BV were not at the extremes of range during conditions such 
as 4M and 4L, which were each rated by three subjects as being among the easiest. 
Therefore, the locus of execution within the playability region was fairly central; 
solutions satisfying the 4M and 4L task requirements likely existed outside of the BVES 
region actually used. However, there was little evidence that subjects utilized the 
execution space accordingly, as execution variability did not correspond to ratings of 
difficulty or ease of performance.  
 
As noted earlier, generalized, but not total, variance decreases to the extent that variables 
are correlated. Pertinent to this, the differences in GENVAR between 1-second and other 
strokes were much greater than the corresponding differences in TOTVAR, partially 
supporting Hypothesis 5. Also, the apparent (if not consistently significant) decreases 
across 4- through 10-second durations in GENVAR were not noted in TOTVAR. The 
lack of such decreases in TOTVAR indicates that players did not reduce variances for all 
BVES variables during strokes lasting longer than 1 second. Rather, as indicated by the 
decreases in GENVAR, players instead may have enhanced the strength of coordination 
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among BVES variables during these slower strokes. This would allow them to preserve 
variability in the BVES while still maintaining the locus of execution within its 
boundaries. In general, preserving variability in such a manner may also be useful in 
stabilization of task result variables (Latash, Scholz, Danion, & Schoner, 2001). 
However, given lack of corresponding statistical significance, these speculations cannot 
be confirmed for the present dataset. In future work we will examine more thoroughly the 
influence of task condition on the patterning of 3D variability in the BVES.  
 
Contrary to Hypothesis 5, co-variation in the BVES was tighter for 4M strokes than for 1-
second strokes of any loudness. It may be more difficult in fast than in slow bow strokes 
to maintain close co-variation among these variables. This seems especially likely when 
considering the role of generic motor control processes that could shape execution 
variability, at least for BV and BF. For example, it has been found that trajectory 
variability in reaching movements increases with movement speed (Darling, 1986). In 
addition, spatial endpoint error in reaching to targets is directly proportional to movement 
velocity (Schmidt et al., 1979), as implied by Fitts’s Law (Fitts, 1954). While only 
loosely analogous to the violin bowing task, robust phenomena such as these may also 
play a role in the marked increase in BV variance noted in our subjects’ faster (i.e. 1-
second) strokes.  
 
Similarly, in isometric force production tasks, force variability has been shown to 
increase as peak or mean force magnitude increases (Schmidt et al., 1979; Slifkin & 
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Newell, 1999). While the analogy to the present task again is imperfect, BF variability in 
this study likewise trended similarly to BF magnitude. Taken together, these comparisons 
with reaching and isometric tasks suggest that the same generic motor control processes 
that shape movement and force patterns in other manual tasks also exert effects on 
bowing execution variability.  
 
The same may not hold for the positional variable BBD, however. BBD variance 
appeared to exhibit an inverse relationship to the other variables, i.e. it decreased, across 
ascending loudness, as BV and BF variances increased. Most likely, BBD and its 
variance are influenced most strongly by the physics of string bowing. In the 
computational description of Schelleng (Schelleng, 1973), sound intensity is inversely 
proportional to BBD, and proportional to BV. These relationships were confirmed by 
Schoonderwaldt and Demoucron (2009), who also determined that reducing BBD 
increases loudness more effectively than does increasing BV for strokes of 2 seconds and 
longer (Schoonderwaldt & Demoucron, 2009). Furthermore, since BV was fixed in our 
experiment within each duration condition, subjects were forced to manipulate BBD as 
the primary determinant of sound intensity. At smaller BBDs, as used for louder tones, 
any variance affects loudness much more strongly than at larger BBDs, per the inverse 
relationship described by Schelleng. Our findings indicate that experienced players are 
intuitively familiar with this relationship, and therefore limit BBD variance most strictly 
for loud tones. 
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It is also possible that adherence to additional (auditory) result-level constraints also 
influences violinists’ execution variability, leading to the elimination of certain redundant 
execution variable combinations during musical performance. For example, BV variance 
was low under most playing conditions; it is likely that the required evenness of tone over 
time mandates smoothness in the velocity-over-time profile of the stroke (Nelson, 1983; 
Rasamimanana & Bevilacqua, 2008). Such smoothness would tend to ensure low BV 
variance almost regardless of other task requirements. In addition, subjects could have 
also selected combinations that elicited a particular timbral quality considered desirable 
in violin playing (e.g. brighter or mellower sound), and selected a narrow set of execution 
variable combinations that not only satisfied the experimental requirements, but also 
elicited that quality.  
 
Limitations 
• We analyzed BF with respect only to a single force vector. Upcoming analyses will 
include laterally (toward the bridge) directed forces as well. This may not only further 
clarify how BF variability is related to desired sound output, but may also provide 
new insights into the structuring of variability along more than one dimension of bow 
force.  
• Because of our small sample size, we strongly suspect the presence of type 2 error in 
our results, i.e. results of statistical non-significance even when apparent trends in 
variance data were truly present. Future work with a larger sample may confirm this. 
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Conclusions 
We carried out an exploration of execution variability for a simple violin bowing task. 
Contrary to our predictions, in a small cohort of experienced violinists, execution 
variability did not correspond strongly to locus of execution within the BVES, or to 
subjects’ ratings of task difficulty. This suggests that such players do not necessarily 
exploit tolerance to variability of the execution space, but rather maintain low execution 
variability even when greater variability would be tolerated. As such, bowing execution 
appears to reflect the confluence of many constraints on variability. Beyond locus of 
execution, these constraints likely include velocity- and force-dependent motor control 
processes, bow-string-physics, and auditory-level factors not treated comprehensively 
here.  
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Table 1: Subject characteristics	  
Subject # 1 2 3 4 5 
Sex (M/F) F F F M F 
Age 20 18 31 53 25 
Years experience 13 14 24 43 20 
Right upper extremity length (mm) 487 486 503 595 529 
 
 
Table 2: Conditions rated by at least two subjects as particularly easy or difficult, ordered 
by frequency (N)	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Easy N Difficult N 
4M 3 10M 4 
4L 3 10L 4 
1L 2 1Q 3 
7Q 2 10Q 2 
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Figure 1: schematic of the bow-violin mechanical relationships of interest: bow-bridge 
distance, bow stroke velocity vector, and bow force vector (adapted from (Askenfelt 
1989)). 
 
 
 
 
 
 
Figure 2: Log-log plot of normalized bow force vs. normalized bow-bridge distance, with 
bow velocity held constant. Shading shows the region of input variables that produces 
“good quality” sound (figure courtesy of D. Young (2007), adapted from (Schelleng 
1973)). This schematic includes regions occupied close to the upper force limit, to play 
loud, brilliant tones (★), and close to the lower force limit, to play quiet, “wispy” tones 
(u).  
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Figure 3: a) Normalized errors per task variable, per condition, averaged across subjects. 
b) proportion of samples meeting task requirements for duration, loudness and stroke 
amplitude and also having a G (harmonicity) value ≥ 0.9. 
a) 
 
b) 
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Figure 4, plots a-l. 3D scatter plots of bowing variable distributions for representative 
trials from each of the 12 experimental conditions. Variables are normalized by 
maximum values across all conditions and across all subjects. 
4a) 1-second, quiet strokes. 
 
4b) 1-second, medium-loud strokes 
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4c) 1-second, loud strokes 
 
 
 
4d) 4-second, quiet strokes 
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4e) 4-second, medium strokes 
 
 
4f) 4-second, loud strokes 
 
 
	  	  
36 
4g) 7-second, quiet strokes 
 
 
 
 
4h) 7-second, medium-loud strokes 
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4i) 7-second, loud strokes 
 
 
 
4j) 10-second, quiet strokes 
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4k) 10-second, medium-loud strokes 
 
 
 
4l) 10-second, loud strokes 
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Figure 5: Results for GENVAR and TOTVAR. a) Mean GENVAR for each 1s condition 
was significantly different from 10M and 10L conditions, as indicated by brackets (error 
bars indicate standard error). Overall test χ2(11) = 47.151, p < .001. b) Mean TOTVAR 
showed roughly similar trends to GENVAR. Overall test χ2(11) = .33.985, p < . 001. 
Error bars indicate standard error. 
a) 
 
b) 
 
 
0.00E+00%
5.00E'08%
1.00E'07%
1.50E'07%
2.00E'07%
2.50E'07%
3.00E'07%
3.50E'07%
4.00E'07%
4.50E'07%
1'q
uie
t%
1'm
ed
ium
%
1'l
ou
d%
4'q
uie
t%
4'm
ed
ium
%
4'l
ou
d%
7'q
uie
t%
7'm
ed
ium
%
7'l
ou
d%
10
'qu
iet
%
10
'm
ed
ium
%
10
'lo
ud
%
3D
#G
EN
VA
R#
p%=%.03%
p%≤%.035%
0"
0.005"
0.01"
0.015"
0.02"
0.025"
0.03"
1(q
uie
t"
1(m
ed
ium
"
1(l
ou
d"
4(q
uie
t"
4(m
ed
ium
"
4(l
ou
d"
7(q
uie
t"
7(m
ed
ium
"
7(l
ou
d"
10
(qu
iet
"
10
(m
ed
ium
"
10
(lo
ud
"
3D
#T
O
TV
AR
#
p"=".021"
	  	  
40 
Figure 6: Friedman test results for BV variance. a) BV mean and b) variance. Overall 
test: χ2 (11) = 52.32, p<.001. Note: * = significant comparison (see text). 
a) 
 
b) 
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Figure 7: Friedman test for BBD variance. a) BBD mean and b) variance (in units of 
meters). Overall test result χ2(11) = 37.17, p < .001.vp≤ .03 for all significant results, 
indicated by brackets. 
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Figure 8: Friedman test for BF variance. a) BF mean and b) variance, in Newtons. 
Overall test: χ2 (11) = 36.66, p < .001. 
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Study 2: Influence of task variables on upper extremity kinematics and kinetics in violin 
bowing 
Abstract 
Violinists, like other practitioners of complex manual skills, face a high prevalence of 
upper extremity disorders, including those of the bowing limb. Risk factors for such 
cumulative-trauma injuries include prolonged performance of repetitive tasks, but may 
also include low variability of the movements and forces that are produced. In violin 
bowing, the player must be able to access wide ranges of combined musical tone 
loudness and duration outcomes by controlling bow-on-violin force and motion variables 
(execution variables). However by contrast with the range of musical variables, these 
execution variables have fairly narrow limits. That is, to comply with musical outcome 
requirements, variability of bow-on-violin-string movement must be low enough to 
maintain execution variables within these limits. This raises the possibility that musical 
result variables similarly constrain variability of joint moments (i.e. torques) and/or joint 
angle trajectories, raising the risk of injury. Therefore we investigated whether differing 
levels of bow stroke duration and loudness influenced moment and/or joint angle 
variability in the bowing shoulder, elbow and/or wrist of violinists. 	  
Five experienced violinists performed cycles of legato (smooth) bow strokes that differed 
systematically across playing trials as to their duration (4 levels) and loudness (3 levels), 
with bow stroke amplitude (i.e. length of bow utilized) held constant. Trunk and upper 
limb kinematics were recorded by a 3D motion capture system. Bow-on-string force was 
measured directly by a unique sensing system installed on a custom-augmented violin 
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bow. Via a 3D linked-segment (inverse dynamic) model of the player’s upper body, bow 
and violin, segment kinematics and this contact force were transformed to yield estimates 
of total shoulder, elbow and wrist moment. For each experimental condition, the stroke-
to-stroke standard deviation of total moment and joint angle was computed for each 
degree of freedom at each joint. It was hypothesized that both moment and angular 
standard deviation would be smaller for conditions requiring especially fine bow 
handling—i.e. fast, quiet strokes and slow, loud strokes—than for easier moderate-
duration, medium-loud strokes. Contrary to this hypothesis, stroke duration influenced 
shoulder and wrist moment variability; stroke loudness influenced primarily wrist 
moment variability. The slow/quiet condition selectively decreased wrist moment 
variability. Kinematic variability was strikingly similar across conditions. Playing slow, 
quiet bow strokes decreases moment variability in the shoulder and wrist of the bowing 
limb, and may thereby carry risk of cumulative injury. However, variability does not 
similarly decrease in fast, quiet strokes, indicating that the constraints posed by execution 
variable limits alone do not decrease limb movement variability. 
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Introduction 
Among the problems faced by committed instrumental musicians is injury arising from 
cumulative overload of musculoskeletal structures (Lockwood, 1989). Violin bowing, for 
example, is a repetitive, physically constrained task that has been associated with painful 
disorders of the bowing arm. The shoulder, particularly the rotator cuff (Turner-Stokes & 
Reid, 1999), as well as various hand muscles (Bejjani et al., 1996; Lockwood, 1989), are 
commonly affected. Such use-dependent injuries share certain risk factors with work-
related upper extremity musculoskeletal disorders in other working populations. In 
general, tasks that are sustained, repetitive, and forceful, especially those performed using 
awkward and/or end-range postures (Bernard, Putz-Anderson, & National Institute for 
Occupational Safety and Health., 1997; Punnett & Wegman, 2004), have been associated 
with high risk for such disorders.  
 
Not only are musicians exposed to sustained motor activity, but also they face task 
demands different from those of any other profession. Violin bowing entails fine bow 
handling in a spatially constrained bow-violin workspace, over extended time periods, in 
the service of a wide range of expressive requirements. Conceivably, the pathomechanics 
underlying upper extremity musculoskeletal disorders in musicians could be specific to 
such mechanical constraints. In particular, the need for such fine bow handling (Shan & 
Visentin, 2003) could lead the player to suppress variability of joint angle kinematics or 
moments in the bowing limb. This may increase the risk of incurring injury (Srinivasan & 
Mathiassen, 2012). A certain degree of variability of goal-oriented physical movement is 
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hypothesized to be protective against harmful stress (Dennerlein & Johnson, 2006; Jensen 
et al., 1998; Srinivasan & Mathiassen, 2012), presumably by distributing joint, tendon 
and/or muscle loads more broadly, both spatially and temporally. 
 
If this is the case, then what factors in bowing tasks induce lower motor variability? One 
possibility is that variability could be affected by bow stroke duration and/or velocity. 
The effects of movement velocity on spatiotemporal endpoint variability have been 
explored extensively (Hancock & Newell, 1985). For example, decreased movement 
velocity is associated with lower spatial error in pointing to a target, as in a “Fitts’ task” 
(Schmidt et al., 1979). Bow strokes of long duration are generally performed with lower 
bow-across-string velocity (bow velocity) (Galamian, 1985) than that used for fast 
strokes. In turn, it is possible that decreased bow velocity could have effects analogous to 
reaching on bowing limb articular variability. Thus an increase in stroke duration (and 
concomitant decrease in bow velocity) would be associated with decreased variability of 
limb moment and angular trajectories (Prediction 1).  
 
Alternatively, sound intensity (or loudness) levels could influence articular variability. 
Louder playing is often accompanied by greater downward bow force against the violin 
string (Schelleng, 1973), which could result in higher levels of signal-dependent motor 
noise (Harris & Wolpert, 1998). Thus limb variability in loud strokes would be higher 
than in quiet strokes (Prediction 2).	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Finally, particular combinations of loudness and duration might lower joint motion 
variability, acting jointly through those same bowing variables of bow velocity and force. 
Specifically, bowing tasks requiring the most meticulous bow handling, such as long-
and-loud strokes, and brief-and-quiet strokes, would be associated with low kinetic and 
kinematic variability (Prediction 3). As a real-life example, in order to access a desired 
region of the bow at a given moment, a player may find it necessary to perform several 
seconds of a sustained musical phrase in a single slow bow stroke, even though it would 
be less taxing to use two or more faster strokes. Conversely, to access another bow 
region, the player may instead be required to draw a quiet tone using a fast stroke, 
although it would be far easier to draw such a sound using a slower stroke (Blum, 1987). 
In the first task, the player must hew close to the upper permissible limit of bow force; in 
the second, s/he approaches the lower limit of force (Schelleng, 1973). In both cases, the 
small margin between actual force and limiting force yields a low tolerance to motor 
variability or “error” in the bow-violin workspace; hence articular variability would 
decrease in either context. 
 
Therefore the purpose of this study was to determine whether differing duration and 
loudness requirements of bowing tasks influence moment and joint angle variability in 
the bowing shoulder, elbow and/or wrist of violinists. To do so, we carried out inverse 
dynamics analysis of a series of bowing tasks, in which bow strokes varied systematically 
in duration (ranging from 1 through 10 seconds) and loudness. In accordance with 
Prediction 3, we hypothesized that the cycle-to-cycle standard deviation of bowing limb 
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joint moments and angles would decrease during both quiet/fast (1-second, quiet (1Q)) 
strokes and long/loud (10-second, loud (10L)) strokes; conversely, they would increase 
during execution of “easier” strokes at more moderate duration/loudness settings, such as 
4-second, medium-loud (4M) strokes. On the other hand, Prediction 1 would be 
supported if limb variability decreased in slow strokes (but not in fast strokes of any 
loudness); Prediction 2 would be supported if limb variability decreased in quiet strokes 
(regardless of duration). 
 
Methods 
Participants 
A convenience sample of five experienced violinists (four female, one male) was 
recruited from the Boston metropolitan area. Eligibility criteria included playing at or 
above collegiate/ conservatory level, with no playing-limiting musculoskeletal 
complaints in the upper body or neurological disorders within the past year. Participants 
consented to the experimental procedures that were previously approved by the 
Institutional Review Board of Boston University.  
 
Subjects were four female and one male violinist, ranging in age from 18 through 53 
years. These included four female students at Boston University. Experience levels 
ranged from 13 through 43 years of violin playing, including from 10 to 22 years of 
violin lessons. Subject 4, the only male subject, deviated markedly in upper extremity 
length (Table 3).  
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Experimental Procedures 
In a single experimental session, subjects performed trials of legato (smooth) bow 
strokes, each using the same Yamaha SV-250 Silent™ electric violin and a uniquely 
sensor-augmented carbon-fiber bow (CodaBow® Conservatory™). The bow system, 
furnished with two force sensors composed of strain gauges, was previously custom-
designed, built and validated by co-author DY (Young, 2008, 2011). The force sensors 
are capable of detecting force in two dimensions—i.e. both along an axis directed 
through the bow stick and bow hair ribbon (roughly vertical with the bow held in a 
functional playing position) and along a second axis orthogonal to both that axis and the 
long axis of the bow. To date, however, and in this work, only force along the first, 
vertical axis has been incorporated in measurement of actual bowing performance. 
Because of this, changes in tilt angle about the long axis of the bow might bias the 
measurement of mean force, or more importantly, bow force variability. If so, then 
computation of joint moment variability could in turn be biased. Therefore, a Friedman 
(nonparametric) ANOVA tested whether the standard deviation of tilt angle differed 
systematically across conditions.  
 
Subjects received continuous audio feedback of their playing directly from the violin, via 
Audio-Technica ATH-M50 headphones. The audio signals were also recorded to an 
Apple® Macbook Pro® with a 2 GHz Intel Core Duo processor, at a sampling rate of 
44.1 kHz. Force from the bow’s strain gauges was also recorded at 44.1 kHz. To record 
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kinematic data, wireless reflective motion capture markers (Vicon 8-camera 3D system, 
recording at 120 Hz) were placed on the bow and violin.  
 
Each bowing trial consisted of a set of legato bow strokes. Before each trial, the subject 
listened to a prerecorded playing sample of an experienced, conservatory-trained violinist 
(one of the investigators, PS) performing a legato bow stroke, along with a metronome 
beating at 1 Hz. He or she was asked to emulate the loudness and timbre of the sample 
tone during playing. The note used for all samples and playing trials was A4 (440 Hz), 
played on the unfingered A-string (the second-highest-pitched of the four violin strings). 
All stimulus samples were roughly 2-second excerpts (i.e. the middle 2 seconds) from 4-
second (loud, medium-loud and quiet) legato strokes. The subject was permitted to hear 
the sample repeatedly, if desired, and to “internalize” a sense of the metronome period for 
as long as desired. In addition to the specification of loudness, the subject was informed 
as to the requested duration of each bow stroke; this was set at either 1, 4, 7 or 10 beats of 
the metronome. Hence each bow stroke was to last for 1, 4, 7 or 10 seconds, per the 
experimenter’s request. When he or she indicated readiness to proceed, the experimenter 
turned off the audio sample and the metronome. Data collection then began. To begin the 
trial, the subject first performed a single tap of the bow against the string.  This was in 
order to allow subsequent synchronization of audio, force and bow-kinematic time series. 
The subject then performed four successive, continuous back-and-forth bow stroke 
“cycles” at the given loudness setting and at one of four stroke duration settings. He or 
she was asked to employ the full length of the bow hair ribbon for each stroke, under all 
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experimental conditions. The requested bow strokes in a given trial lasted either 1, 4, 7 or 
10 seconds. Across trials, each of the four duration conditions was performed at each of 
three loudness settings: quiet, medium, and loud—again, emulating the loudness as well 
as tone quality of the sample tone. Average sound intensities of these quiet (Q), medium-
loud (M) and loud (L) stimuli were, respectively, 50.1, 55.4 and 60.6 dB, as determined 
by subsequent sound calibration. The stimulus samples were selected by agreement, as to 
tone quality and desired degree of loudness, of two of the experimenters (P. Stein and D. 
Young). The same sample was heard for all trials of a given requested loudness (e.g. for 
all 1-second trials), regardless of the requested duration. It was decided to use the same 
stimuli for trials of differing stroke duration in order to emphasize to subjects that similar 
loudness and goodness were desired across duration conditions. Different samples might 
have differed subtly in average loudness and goodness, and thereby might have suggested 
to subjects that those qualities should differ likewise. Four trials were performed for each 
duration-by-loudness condition (1Q, 1M, etc.), yielding 48 trials total for each subject.  
 
The same pseudo-random ordering was used for all subjects: trials were randomized 
within the constraint that each trial of 7- or 10-second strokes was followed by a trial of 
either 1- or 4-second strokes. This constraint was applied to minimize the possibility of 
fatigue resulting from performing multiple lengthy trials consecutively. Furthermore, to 
correct for any effects of fatigue during subsequent analysis, subjects completed the 
single-item Rating of Perceived Exertion (RPE) scale (Borg, 1982) at 20-minute intervals 
during the experiment, as well as immediately following the experiment. Subjects were 
	  	  
52 
permitted to rest at any time; they took required rest breaks of at least five minutes after 
every 20 minutes of experiment participation.  
 
Immediately following the end of the playing experiment, subjects completed a Perceived 
Task Difficulty Questionnaire, developed for this study by one of the authors (PS) 
(Appendix A). On the questionnaire subjects indicated which of the three task conditions 
appeared easiest, and which three most difficult for them.  
 
Subsequently, four of the five subjects, who were available upon further contact, 
underwent a hearing screening, to determine whether any loss of acuity was present 
within the sound frequencies of interest (in particular, the A440 tone that subjects heard 
and played). An experienced hearing research engineer conducted this screening at an 
academic hearing research laboratory according to standard procedures.  
 
Data Analysis 
Violin and bow kinematics were estimated from Vicon marker data, using Vicon’s Nexus 
software. Bow force (BF) data were calibrated according to the methodology previously 
validated for this bowing system (Young, 2007), and synchronized with the kinematic 
data. Each experimental trial was segmented into separate down- vs. up-bow strokes, 
using a rigid-body model of the violin and bow (Schoonderwaldt & Demoucron, 2009). 
The transitions (reversals) between bow strokes (i.e. down-to-up and up-to-down) were 
excluded from the bow stroke segments for this primary analysis, to focus on variability 
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within the steady state of these legato strokes. Bow reversals were identified using zero-
velocity events from time series of bow kinematics. These and the following analyses 
were performed via custom-written Matlab scripts (Release 2013b; MathWorks®, Natick, 
MA).    
All data from each set of 4 trials within condition were combined for statistical analyses. 
These variables were analyzed initially for down-bows and up-bows separately, to 
determine whether they were systematically different with respect to bowing direction. 
Following that initial analysis, where dependent variables did not differ with respect to 
bow direction, those data were pooled across direction.  
 
Inverse dynamics analysis was carried out to transform bow force (i.e. normal contact 
force at the bow-string interface) to the joint moments of the player’s upper limb (Stein et 
al., 2013). The inverse dynamics analysis was carried out according to the methodology 
outlined in (Dennerlein, Kingma, Visser, & van Dieen, 2007). Limb marker positions, 
together with the calibrated, synchronized bow force data, served as inputs to a 
previously validated, full-body 3D dynamic linked-segment model (Kingma, deLooze, 
Toussaint, Klijnsma, & Bruijnen, 1996; Kingma, Faber, & van Dieen, 2010). This model 
was modified to add a rigid segment specifying the bow stick, and another segment 
specifying the violin (see Figure 9). The bow was assumed to interact with a single hand 
segment via a 6 degree-of-freedom (DOF) articulation. The kinematic and bow-violin 
contact force data were submitted to a second-order low-pass Butterworth filter with a 
cutoff frequency of 5 Hz. Based on the marker position estimates and subjects’ 
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anthropometric data, the center of mass position, velocity and acceleration, and segmental 
inertia tensors and orientations, were calculated at each time sample for the body 
segments and bow.  
 
Given the model and the joint-kinematic and bow-force trajectories for each trial, the 
analysis produced 3 net (muscle) moment trajectories for each segment. For a given 
segment, each moment was defined relative to one of a set of 3 orthogonal axes that were 
anchored in the immediately proximal segment; these axes defined the degrees of 
freedom of the joint between the 2 segments. The linked-segment model also yielded 
time series of shoulder, elbow and wrist joint angles, according to these systems of axes. 
Anatomical axes of the trunk and pelvis were defined in upright standing posture as 
follows: the positive X-axis (adduction (+)/abduction (-)) was directed forward (i.e. 
sagittally); positive Y-axis (extension (+)/flexion (-)) to the left; positive Z-axis (internal 
(+)/external (-) rotation) upward. The movement of each segment relative to each 
adjacent proximal segment was decomposed in the order Y–X–Z. While three kinematic 
DOF were defined at the shoulder, two DOF, Y-axis and Z-axis rotation, were assigned 
to the elbow; X-axis and Y-axis rotation were assigned to the wrist.  
 
Data Reduction and Statistics 
Cycle-to-cycle moment and joint angle standard deviation was computed within each 
condition, as follows. The time series of each dependent (moment or joint angle) variable 
was segmented into 32 separate bow strokes (i.e. 8 strokes for each of 4 trials comprising 
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a condition). The 16 “down” strokes within each condition were analyzed separately from 
the 16 “up” strokes. Each segment was time-normalized to 1000 samples. For each joint 
degree of freedom, at each time point, the cycle-to-cycle standard deviation (SD) was 
calculated over all bow strokes within condition and within bowing direction, in the time-
normalized arrays. Given these 1000 SDs, the mean SD was taken for both down- and 
up-bow datasets. The down-bow SD and up-bow SD were averaged; the resulting scalar 
SD was the measure of variability within condition, for moment and angle at each joint 
DOF.  
 
Due to the small sample size, the non-parametric Friedman ANOVA by ranks was used 
to determine whether differences in mean SD existed across the 12 playing conditions, 
for each variable in each degree of freedom. This test is a useful alternative to the 
parametric repeated-measured ANOVA when, as in this case, a sample size is too small 
to assure a normal distribution of data (Portney & Watkins, 2015). Where the overall 
Friedman test indicated a statistically significant result, Dunn’s post hoc test (Dunn, 
1964) was carried out to detect significant pairwise differences, with significance values 
adjusted for multiple comparisons.  
 
Particular attention was paid to detecting any significant pairwise differences among the 
1Q, 4M and 10L conditions; this was to determine whether moment and/or angle SD was 
smaller when bowing closer to upper or lower bow force limits, as in the 1Q and 10L 
conditions, per Prediction 3. Further analyses were performed to determine the influences 
	  	  
56 
of duration and loudness levels on moment and angle SDs. First, SDs for all 12 
conditions were pooled across loudness level, within each duration, to obtain a dataset of 
SDs with respect only to duration level. A Friedman ANOVA was applied to test 
Prediction 1, i.e. that SD would decrease in longer strokes without regard to loudness  
requirement. Similarly, SDs for the 12 conditions were pooled across duration levels, to 
determine the effect of loudness level on SD. The Friedman ANOVA in this case was 
used to test Prediction 2, i.e. that SD would decrease in quieter playing, as a function only 
of bow force.  
 
In addition to the SDs, mean (total) moment was computed for each condition, in each 
joint-centered DOF. As with SDs, these means were compared across duration levels 
using the Friedman ANOVA. This was to determine whether increased stroke duration 
decreased both the mean moment and SD of joint moments and angles, as in Prediction 1. 
We likewise visually compared trends in total moment SD with trends in bow force, 
across loudness levels, to determine whether moment SD decreased for quieter strokes in 
parallel with bow force, as in Prediction 2. 
 
Results 
The hearing screening for four subjects detected no hearing loss within the frequency 
range of interest. Subject 4, the only male subject, and who was taller and older than the 
other subjects (Table 3), displayed greater shoulder moments and moment SD. Table 4 
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displays conditions for which more than one subject rated that condition as easy or 
difficult, based on the Perceived Task Difficulty Questionnaire. 
 
Shoulder Variability 
SDs of shoulder moments about the Z- (external/internal rotation) and Y- 
(flexion/extension) axes were slightly lower for 10-second strokes than for 1-second 
strokes, but this result did not reach statistical significance. SDs about these axes for 4-
second strokes appeared to be larger than SDs for either 1-second strokes, including 1Q, 
or 10-second strokes, including 10L. This is suggested by Figure 11, in which SDs for 
each duration are shown pooled across loudness levels. However, this result also was 
non-significant; and the increase in SD for 4-second strokes was confined mostly to 
Subject 4. Excluding this subject, the 1-second SDs about the Z-axis were slightly greater 
for all subjects than those of both 4-second and 10-second SDs (χ2 (3) = 8.1, p = .044). 
As suggested by Prediction 1, mean Z-axis shoulder moment was likewise larger in 1-
second than in 10-second strokes (Dunn’s test, p = .042). Contradicting Prediction 2, 
there was a small decrease in mean Y-axis moment in loud strokes, compared to quiet 
strokes (p = .005), but no parallel decrease in the SD of this joint moment (Table 5). 
There was no effect of condition on abduction/adduction moment. There were no 
significant effects of loudness level in any DOF. 
 
Statistically significant and borderline significant pairwise comparisons for all joints are 
shown in Table 5. Figure 10 displays exemplary shoulder and wrist moment trajectories, 
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about the Z-axis for a single subject, for all down-bow strokes in each of the 1Q, 4M and 
10L conditions. This shows the typical modest decrease in moment variability across 
these conditions.  
 
Shoulder angle SD did not change significantly across conditions for any DOF (p ≥ .153). 
In particular, the SD of joint angle for 4M was generally not greater than the SDs for 1Q 
and 10L, for any subject, contradicting Prediction 3.  
 
Elbow Variability 
SD of elbow moment decreased in strokes of longer duration about the Y- and Z-axes, 
supporting Prediction 1. Flexion-extension angle SD was slightly higher for 4L than for 
1Q (Wilcoxon rank-sum test, Z = -2.023, p = .043). More generally angle SD about the 
Y-axis was greater for loud than for quiet strokes, pooled across duration levels (p = 
.005), supporting Prediction 2. There was a parallel increase in SD for Z-axis moment, 
but not for Y-axis moment. Beyond these modest differences, and as in the shoulder, 
angle SD in the 4M condition was generally not greater than that in the 1Q or 10L 
conditions, contradicting Prediction 3. 
 
Wrist Variability 
SDs of wrist moments were markedly lower for quiet conditions, across all durations 
(Figure 14), although this finding only reached significance for Y-axis moments. As 
suggested by Prediction 2, mean wrist moment also decreased for quiet strokes, across all 
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DOF, at all duration levels (p ≤ .015); and mean bow force decreased under the same 
conditions (χ2(2) = 8.40, p = .015). In addition, a strong influence of duration level 
(Prediction 1) was present (Figure 13), as wrist moment SD was lower for 10-second 
strokes than for 1-second strokes, in all DOF.  
 
Wrist kinematic variability was generally consistent across conditions. However, by 
contrast with wrist moment SDs, flexion/extension angle SDs were slightly smaller for 
loud than for quiet strokes (χ2 (2) = 7.600, p = .022; pairwise comparison p = .034); 
however such differences were small by comparison with those of moment SDs.  
 
The variability of bow tilt angle was similar across conditions (Friedman test, χ2(11) = 
11.43, p = .408), notwithstanding weak differences in mean bow tilt angle (χ2 = 26.785, 
p = .005). Therefore the tilt angle should not have biased calculation of bow force 
variability; and so in turn should have had minimal effect on the estimation of joint 
moment variability. 
 
Discussion 
We hypothesized that loudness and duration requirements of legato bowing tasks would 
influence the degree of variability. More specifically it was predicted that variability of 
moments and joint angles would be larger when bowing 4-second, medium-loud strokes 
than when bowing either 1-second, quiet strokes or 10-second, loud strokes. This 
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expectation reflected the greater error tolerance in the bow-violin workspace in the 4-
second condition, which might in turn encourage greater limb movement variability. 
Furthermore, that prediction was in line with the results of the questionnaire, as subjects 
rated the 4M condition as relatively easy, and the 1Q and 10L conditions as relatively 
difficult. However, the results of the playing experiment overturned this prediction; in no 
DOF of the shoulder, elbow or wrist was the predicted trend observed. 
 
In the case of the shoulder, the greater variability (for most subjects) in 1-second than in 
4-second strokes did not support the hypothesis that moment variability would be greatest 
for 4M strokes. However, these results bolstered Prediction 1: the main influence on 
shoulder moment variability appeared to be that of stroke duration. Because the 
amplitude of all bow strokes was roughly constant, bow and limb movement velocity was 
necessarily higher for shorter-duration strokes. This indicates that moment variability 
increased with faster limb movements, which is consistent with previous reports of 
velocity dependent increases in variability of limb trajectory (Darling, 1986) and spatial 
endpoint error (Schmidt et al., 1979). However by contrast with those previous reports, 
kinematic (i.e. shoulder angle) variability did not display a similar trend. It may be that 
the analogy to reaching movements breaks down when considering joint kinematic 
variability. In particular, the distinctive role of the shoulder in violin bowing, as discussed 
below, may limit such a comparison to reaching.   
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In violin bowing, the orientation of the upper arm plays a large part in determining the 
spatial position and orientation of the bow relative to the violin string (Galamian, 1985). 
In particular, the articular structures of the shoulder maintain the continuously elevated 
(flexed and abducted) posture of the bowing limb (Turner-Stokes & Reid, 1999). 
Therefore, in considering injury risk, it is noteworthy that shoulder moment variability 
decreased even modestly for slower strokes. Inherently, a slower stroke must prolong the 
exposure of each recruited articular structure to a given load. Sustained loading, such as 
that imposed by prolonged shoulder elevation, is a known risk factor for upper extremity 
disorders (Bernard et al., 1997). If cycle-to-cycle shoulder variability were higher for 
slow strokes, this could in principle mitigate this effect of prolonged load. Instead, 
decreased variability such as that observed in the longest (10-second) strokes might 
exacerbate the injury risk posed by prolonged execution of slow musical passages. 
 
This result adds to earlier work on articular loading in violin bowing. Visentin and Shan 
(Visentin & Shan, 2003) previously applied inverse dynamics analysis methods to violin 
bowing with the stated intention of quantifying potentially harmful articular loads, 
although they did not report measuring the crucial variable of bow-on-string contact 
force, as a component of the total moment. Nevertheless, they reported that the 
magnitude of shoulder articular loading was consistent across a range of bow stroke 
durations, and concluded that this consistency was due to the shoulder’s function of 
maintaining upper arm orientation. However, in contrast to their finding, we observed a 
small decrease in mean (Z-axis) shoulder moment in our slowest strokes, which were 
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much slower than those studied by those authors. Regardless, an invariant moment 
magnitude would not necessarily indicate that injury risk is similar across stroke 
durations. In this work, by also reporting the decreased variability at longer stroke 
durations, we highlight the possibility that slower strokes are more burdensome to the 
bowing limb.  
 
Previously unexplored was the question whether stroke loudness would influence 
moment variability, through concomitant changes in bow force. Given that the shoulder 
retains an important “postural role” in bowing regardless of required loudness, it is 
unsurprising that loudness level did not greatly influence shoulder moment variability. 
Only at the wrist was there a statistically significant difference in total moment variability 
across loudness levels, within duration. In this regard, wrist moment variability reflected 
the influence of bow force, as they both increased for loud strokes. Recalling also that 
wrist moment variability was lower in slow than in fast strokes, this suggests that if low 
motor variability leads to cumulative overload of articular structures, then the wrist might 
be particularly susceptible to injury with sustained practice of quiet, slow musical 
passages. On the other hand, such risk might be mitigated in the wrist by the greater Y-
axis angle variability. It is unknown whether greater risk lies with the lower moment 
variability in quiet strokes or with lower angle variability in loud strokes.  
 
Again, our results did not correspond in a robust manner to the perceived relative 
difficulty of different playing tasks. Players rated the 1Q and 10L conditions as being 
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more difficult than those such as 4M. However, such a perception was not clearly 
reflected in the associated variability data. In particular, joint angle variability generally 
did not change across these conditions. This suggests, contrary to expectation, that 
players do not seek to enlarge limb kinematic variability during “easier,” or less 
constrained tasks, and thus relieve their joint structures of unvarying loading patterns. In 
addition, it remains open to speculation what variables of bowing execution more closely 
correspond to the perception of difficulty than those studied here. Future analyses using 
EMG and/or measuring players’ grip force on the bow stick might suggest answers to this 
question. 
 
Limitations 
• We analyzed BF with respect only to a single force vector. The lack of difference in 
bow tilt variability across conditions suggests that any effect of bow tilt on (mean) 
bow force measurement should not have affected limb variability analysis greatly. 
Nevertheless, upcoming analyses will include laterally (toward the bridge) directed 
forces as well, thus allowing us to refine further our bow force and joint moment 
estimates. This may also provide further insights into the relationships among musical 
task requirements, bow handling and joint moment variability.  
• We did not measure either muscular activity (through EMG) or bow grip force 
directly. Therefore we did not examine the potential associations between task 
variables, moment and kinematic variability and grip force or EMG variability. 
However, variability of grip force or muscle activity could be additional markers of 
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injury risk; and in particular, differences in these variables for tasks rated as 
especially difficult or easy (e.g. 1Q and 10L strokes) could corroborate the role of the 
corresponding task variables in injury risk. Therefore variability of grip force and 
EMG should be measured in future investigations into the role of task-level variables 
in musicians’ injuries.  
• This experiment utilized extremely simple bowing tasks, featuring single tones, in 
unvarying rhythms, with a constraint of constant stroke amplitude and therefore 
average velocity. This was done to simulate playing conditions in which the violinist 
must operate in a constrained (bow-violin) workspace to produce a desired musical 
result. In real-life playing, such constraints are not limited to simultaneous duration, 
loudness and amplitude requirements, but also include far more complex rhythms and 
patterns of pitches. Further, in the classical music repertoire all such variables can 
shift dramatically from moment to moment, requiring the player likewise to switch 
among combinations of bowing variables rapidly and seamlessly. Future bowing 
research could extend the generalizability of the present work by including more 
complex and difficult combinations of musical variables, to determine how 
movement variability changes under such real-life conditions. 
• We did not, nor did we intend to, demonstrate directly a cause-effect relationship 
between task variables and upper extremity disorders. Our experimental paradigm 
was informed by a growing body of literature linking (low) motor variability with 
injury. However, our study was not designed to detect injurious events; indeed, the 
experimental conditions of this study were designed to avoid fatigue, and to decrease 
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the risk of injury to our human participants. Direct demonstration of links among task 
variables, execution variability and injury will await future studies.  
 
Conclusion 
We studied the effect of auditory, task-level variables of bow stroke loudness and 
duration on variability of limb movement in violin bowing. Required tone loudness 
influenced variability of both wrist moments and joint angles, but only duration exerted a 
notable influence on shoulder or elbow variability. Differences in bow-violin contact 
force, specific to task conditions, may mediate the changes in wrist moment seen across 
conditions. However, the shoulder and elbow appear largely insulated from the effects of 
contact force. Right shoulder injuries experienced by violinists may partly reflect the 
sustained loads placed on the shoulder to orient the limb correctly for bowing, regardless 
of the musical requirements the violinist faces. Therefore total uninterrupted playing time 
might interact with low variability, such as in slow, quiet playing, to increase risk of 
injury. While some players, music teachers or health care providers might intuit that more 
forceful, rapid practice would be likelier to induce cumulative tissue overload, it is worth 
considering that contrasting tasks that feature lower movement variability could also 
place heavy physical demands on the performer. 
  
	  	  
66 
Table 3: Subject characteristics. Limb length derived from acromion, lateral epicondyle 
and ulnar styloid locations per the methodology of (De Leva, 1996).	  
Subject # 1 2 3 4 5 
Sex (M/F) F F F M F 
Age 20 18 31 53 25 
Years of experience 13 14 24 43 20 
Upper extremity length (mm) 487 486 503 595 529 
 
 
 
Table 4: Conditions rated by at least two 
subjects as particularly easy or difficult, 
ordered by frequency (N)	  
 
Easy N Difficult N 
4M 3 10M 4 
4L 3 10L 4 
1L 2 1Q 3 
7Q 2 10Q 2 
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Table 5. Friedman ANOVA tests of effect of duration and loudness levels on joint 
moment. Loudness levels are pooled for analysis of duration effect. Duration levels are 
pooled for analysis of loudness effect. Significant effects are in bold type. Results 
deemed borderline significant are in gray highlights.	  
 Effects of duration Effects of loudness 
DOF χ
2 
(3)   p 
significant pairwise 
comparisons (p) 
χ2 
(2)   p 
significant pairwise 
comparisons (p) 
Shoulder-
x 
3.0 .392  1.6  .449  
Shoulder-
y 
3.0 .392  2.8  .247  
Shoulder-
z 
7.32 .062  1.6  .449  
       
Elbow-x 3.480 .323  1.6  .449  
Elbow-y 11.16 .011 1sec. – 10sec. (.009) 2.8  .247  
Elbow-z 7.080  .069  6.4  .041 Q – L (.034) 
       
Wrist-x 13.08  .004 1sec. – 10sec. (.009) 5.2  .074  
Wrist-y 12.84  .005 1sec. – 10sec. (.004) 7.6  .022 Q – L (.034) 
Wrist-z 9.96  .019 1sec. – 10sec. (.02) 5.2  .074  
 
Q = quiet, L = loud; sec. = second(s) 
 
  
	  	  
68 
Figure 9. Schematic of the 3D linked segment upper body model with violin and bow 
segments. Local coordinate system axes are depicted at each segment. Individual points 
in black represent reflective markers. Dashed line represents bow force vector. 
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Figure 10. Exemplary shoulder and wrist moment trajectories and cycle-to-cycle standard 
deviations for 1-second quiet, 4-second medium and 10-second loud down-bow strokes, 
in a single subject. 
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Figure 11. Effect of duration setting on shoulder moment SD, for each DOF. SDs are 
pooled across loudness levels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0"
0.05"
0.1"
0.15"
0.2"
0.25"
0.3"
0.35"
1(sec." 4(sec." 7(sec." 10(sec."
Sh
ou
ld
er
)M
om
en
t)S
D
)
x"
y"
z"
	  	  
71 
Figure 12. Effect of loudness setting on shoulder moment SD, for each DOF. SDs are 
pooled across duration levels. 
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Figure 13. Effect of loudness setting on shoulder moment SD, for each DOF. SDs are 
pooled across duration levels. 
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Figure 14. Effect of loudness setting on wrist moment SD, for each DOF. SDs are pooled 
across duration levels. 
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Discussion 
 
According to a commonly held hypothesis, low movement variability in repetitive tasks 
raises the risk of task-related injury. That hypothesis broadly underpins the present two 
studies, which were motivated by the notion that task variables in violin bowing might 
carry risk of injury to the violinist’s bowing limb. However, experimental studies with 
human subjects, such as the present two studies, are unsuited to demonstrating injury risk 
directly. Rather, the more achievable aim was to explore the relationship between task 
variables and movement variability in a typical violin bowing task, with this distal 
question and its clinical implications remaining implicit.  
 
To guide this effort, a three-level conception of the bowing task was advanced. The three 
task levels comprising this framework— limb space, (bow/violin) execution space and 
(musical/acoustic) task space—are linked by many-to-one forward mappings. Therefore 
we asked how loudness and duration requirements of bowing tasks influence movement 
variability within both the execution and limb spaces. We explored this through a 
factorial design, in which different levels of each variable were combined for each of 
twelve trial conditions. This permitted us to test the main hypothesis that the two task 
variables would influence movement variability mainly through their interaction, and in 
particular by virtue of the locus of bow/violin execution those task variable combinations 
specified. This hypothesis arose from the expectation that variability would be sensitive 
to the constraints of the execution space’s playability region. However this notion was in 
contrast to alternative predictions arising from the possibility that each task variable 
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instead would exert individual, distinctive effects on variability. At the outset, given these 
alternative predictions, we identified motor control processes that might mediate such 
influences on variability. Of note, those processes are not defined in terms of task-level 
variables, but rather pertain to bow/violin- and limb-level execution in a more generic 
(i.e. task-invariant) manner.  
 
In Study 1, contrary to the main hypothesis, it was determined that the combined/ 
interacting loudness and duration task requirements did not exert the most prominent 
influence on variability. Specifically, for each execution variable (bow velocity (BV), 
bow force (BF) and bow-bridge distance (BBD)), variances in four-second, medium-loud 
strokes were not higher than for other conditions. Rather, these variances across 
conditions were velocity-, force- or BBD-dependent. Likewise, 3D variance was not 
highest during 4-second strokes. This further indicated that the constraints of the 
playability region were not the dominant influence on bow/violin-level execution 
variability.  
 
Therefore Study 1 indicated that variability in the execution space was not greater for 
easily achievable tasks than for more difficult tasks. But this did not necessarily indicate 
that limb moment and kinematic variability would be constrained to follow these trends. 
Because of the redundancy inherent in the map from limb space to execution space, 
multiple kinematic and moment configurations across the limb in principle would be 
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possible. Hence limb variability might increase for 4-second, medium-loud strokes, even 
if bow/violin-level variability did not.  
 
However, in Study 2 there was little evidence of such an increase. Shoulder variability 
was likely conditioned more by the generic role of the shoulder in orienting the limb in 
space than by the individual or combined task-level variables. Wrist moment variability 
showed clearer influences of both duration and loudness levels; however, as with 
bow/violin-space variability, those influences did not intersect. This refuted the main 
hypothesis, i.e. that the constraints of the playability region would play a dominant role in 
conditioning articular variability. 
 
Therefore movement variability did not increase nor decrease, in either limb space or 
execution space, chiefly by virtue of the locus of execution specified by acoustic task 
variables. Note that currently our analytical methods only permit analysis of variability 
within the execution and limb levels. The quantitative work of elucidating the patterning 
of variability across the three formulated task levels remains a future effort. Nevertheless, 
qualitative comparison of the results of the two studies suggests parallels between trends 
exhibited by variables in each task space. One of two preliminary observations in this 
regard is that mean BF and wrist moment variability exhibited similar increases across 
ascending loudness levels, as well as decreases across increasing duration levels. It seems 
reasonable to interpret this as a rather strong influence by mean BF on wrist variability: 
as mean BF increased, signal-dependent noise (Harris & Wolpert, 1998) due to greater 
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force application likely enhanced such variability. By contrast, total shoulder moment 
variability showed very little effect of BF. Instead, the decreases across stroke duration 
demonstrated in Study 2 loosely paralleled those of BV in Study 1; this association 
between slower strokes and decreased (shoulder) moment variability might reflect a 
decrease in velocity-dependent forces on the limb. These observations reinforce the 
conclusion that movement variability in violin bowing may be only subtly affected by the 
tolerance afforded by locus of execution; and instead is more robustly affected by generic 
processes concomitant with limb and/or bow velocity and force magnitude changes. 
 
Implications for violin pedagogy and injury prevention arise from two key conclusions of 
these two studies. First, variability at both bow/violin-execution and limb levels did not 
increase specifically for the 4- or 7-second strokes that subjects generally rated as the 
easiest in the experiment. Assuming that the subjective task difficulty ratings 
corresponded to variability tolerance, this suggests that they maintained low movement 
variability regardless of available tolerance to variability afforded by the locus of 
execution. It may be that experienced violinists prefer to maintain a volume of execution 
variability consistent with the most difficult or constrained playing tasks they might 
typically encounter. Nevertheless, in principle players could be encouraged or trained to 
explore their limb or bow/violin-execution spaces for variability tolerance, in the interest 
of injury avoidance. In future work it might be examined whether and how such training 
should be implemented, and whether doing so would preserve acoustic task-level results, 
as predicted by the task-dynamic conception of bowing.  
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Second, it was demonstrated that violinists perform slow, quiet bow strokes with lower 
limb variability than for fast or loud strokes. Therefore, with respect to movement 
variability, the intersection of duration and loudness task variables most relevant to injury 
prevention may occur in the setting of long stroke duration and low sound intensity. 
(Note also that, in the case of the shoulder, the mean magnitude of total moment did not 
vary greatly with respect to required loudness or duration. Therefore, moment magnitude 
did not decrease when moment variability decreased, which again suggests heightened 
injury risk for those playing conditions.) This may be somewhat counterintuitive for 
performers, who might perceive practice of fast, intricate passages as being more 
physically taxing than slow, quiet strokes. Accordingly they might tend to schedule rest 
breaks around those more virtuosic passages. But performers might be advised to 
schedule rest periods just as diligently following periods of slow, quiet playing. This 
follows from the conclusion that the slower, simpler task is probably an underappreciated 
source of cumulative musculoskeletal overload. 
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APPENDIX A 
PERCEIVED TASK DIFFICULTY QUESTIONNAIRE 
 
Question #1: 
 
Of the bow strokes you performed today, which did you find easiest? (Please circle the 
three easiest.) 
 
Loud, 1 second Medium loudness, 1 second Quiet, 1 second 
Loud, 4 seconds Medium loudness, 4 seconds Quiet, 4 seconds 
Loud, 7 seconds Medium loudness, 7 seconds Quiet, 7 seconds 
Loud, 10 seconds Medium loudness, 10 seconds Quiet, 10 seconds 
 
 
 
 
Question #2: 
 
Of the bow strokes you performed today, which did you find most challenging? (Please 
circle three.) 
 
Loud, 1 second Medium loudness, 1 second Quiet, 1 second 
Loud, 4 seconds Medium loudness, 4 seconds Quiet, 4 seconds 
Loud, 7 seconds Medium loudness, 7 seconds Quiet, 7 seconds 
Loud, 10 seconds Medium loudness, 10 seconds Quiet, 10 seconds 
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